The effect of four pyrazine derivatives on the content of phenolic compounds in Urtica dioica L. and rutin in Fagopyrum esculentum Moench was studied. Pyrazine derivatives H1 and H2 were used on U. dioica, and derivatives S1 and S2 on F. esculentum, both separately and in combination with urea. The content of phenolic compounds in the stems of U. dioica after treatment with H2 at a concentration of 10 -3 M significantly increased compared with the control and to a lower concentration of the same pyrazine derivative. In the case of S1 and S2 for F. esculentum, rutin content also increased in stems, mainly after treatment together with urea. By contrast, rutin and phenolics contents in the leaves did not change in comparison with controls after application of H1, H2, S1 and S2. Treatment with H1 and H2 in two chosen concentrations resulted in a significant increase in the net photosynthetic rate, transpiration rate and stomatal conductance. A slight increase in the rate of photosynthesis was observed also after application of variants of S1 and S1 with urea. Pyrazine derivatives did not show any effect on either the relative content of chlorophyll or chlorophyll fluorescence. A slight weight reduction of above ground biomass was shown only after application of S1 and S2. Dark necrosis on the edges and center of the leaves was observed in all treated plants after pyrazine application. The results suggest that all the pyrazine derivatives possess herbicidal effects.
Pyrazines and their derivatives are a group of compounds that are found almost everywhere in nature. They are present in heated foodstuffs such as bread, meat, baked potatoes and coffee [1] , and in potato chips [2] ; they are formed from serine and threonine [3] . They are found mainly in processed foods, where they are formed during dry thermal processes via the Maillard reaction [4] . Alkylpyrazine concentrations in roasted peanuts, potato chips and coffee may contribute to the aroma of the food products [5] . They are naturally contained in many vegetables [6] , but they are also in other plants, insects, terrestrial vertebrates, marine animals, fungi and bacteria, suggesting that they have special significance [7] .
Synthetic pyrazine derivatives have antimycobacterial [8] [9] [10] , antibacterial, [11] antiviral [12] and anti-tumor effects, as well as acting as fungicides and herbicides [13] . Furuta et al. [14] reported that certain pyrazine derivatives inhibited the influenza viruses A, B and C. The antifungal and antibacterial properties were found in nitrogen heterocyclic compounds obtained from pyrazinamidrazon [15] . Geneva et al. [16] reported that the combined application of leaf fertilizer with pyrazine derivatives at a concentration of 10 -3 M positively affected the growth and number of lateral shoots and flowers of Silybum marianum L. They also stated that the application resulted in the accumulation of flavonoid and silymarin substances in seeds. In further research it was found that 6-chlor-5terc-butylpyrazine-2-carboxylic acid was particularly effective in the elicitation of flavonoids production in the callus culture of Ononis arvensis L. [17] . Stancheva et al. [18] reported that the combined use of the pyrazine derivative and leaf fertilization caused an increase in the dry weight of seeds, number of seeds per flower, the total number of flowers, seed yield and the content of silymarin in Silybum marianum compared with the control. The content of phenols and flavonoids increased during the seed aging process. There was no trend in the change of phenols as a result of the application of these derivatives.
The most successful herbicidal pyrazine derivative is diquatdibromide. It interferes with the process of photosynthesis and releases strong oxidizers, which quickly disrupt and deactivate the cells and cell function (currently banned in many countries of the EU). [19] There are many pyrazine derivatives which block the photosynthetic electron transport in plant chloroplasts [11, [20] [21] [22] [23] [24] . Nakamura et al. [25, 26] also present the herbicidal effect of pyrazine derivatives.
Accumulation of phenolic compounds in plant tissue is considered to be a common adaptive response of plants to adverse environmental conditions, thereby increasing evolutionary conditions [27] . Production of phenolic compounds can be increased by causing mild stress [28a-28f] . Also stress caused by high copper level cause an increase in the content of flavonoids and phenolic compounds [28g]. Lucci and Mazzafera [28h] and Wang et al.
[28i] showed that the content of rutin was increased in response to stress. During stress caused by heavy metals, phenolics act as chelating agents and during oxidative stress they can directly remove active oxygen molecules. Their antioxidant activity consists mainly in their chemical structure [28j]. The content of phenolic compounds decreased in plants of black cumin (Nigella sativa) stressed with NaCl in the study Bourg et al. [28k] . Krol et al. [29] also presented the reduction of phenolics content in Vitis vinifera plants after prolonged stress from drought.
The aim of this experimental work was to research the herbicidal effects of the selected pyrazine derivatives H1 and H2 in two C S1 S1U S2 S2U
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Variant different concentrations (10 -3 M and 10 -4 M) on stinging nettles (Urtica dioica L.), and S1 and S2 on buckwheat (Fagopyrum esculentum Moench) at a concentration of 10 -3 M, separately and in combination with urea. The influence on the content of phenolics and rutin, and on the basic physiological characteristics such as plant growth and development, morphological and anatomical changes, the net photosynthesis rate, transpiration rate, stomatal conductance and chlorophyll fluorescence were studied.
All four pyrazine derivatives H1, H2, S1 and S2 are newly synthesized substances which have not been tested yet for the abovementioned effects, thus the work brings an entirely new insight. On the contrary, the results of the research cannot be compared with previous works, except for research that deals with similar derivatives or have a similar focus.
The content of phenolic compounds in stems of U. dioica: The content of phenolics in the stems of control plants was 0.58 mg/100 g dry weight (DW). A significant increase in phenolics was observed in the variant H2-3, where the content of phenolics was 0.84 mg/100 g DW. In variants H1-3, H1-4 and H2-4, the level of phenolics was almost unchanged (Figure 1 ). Rutin content of stems of F. esculentum: Application of S1 and S2 together with urea caused an increase in rutin level in the stems. Rutin content in the control variant was 56 mg/100 g DW. Rutin content in the variants S1U and S2U reached nearly twice the value of the control variant, in which 113 mg/100 g and 83 mg/100 g DW of rutin was found. The resulting stimulatory effect was more pronounced in the case of the variant S1U compared with S2U. The content of rutin was almost unchanged after separate application of S1 and S2 (69 mg/100 g and 50 mg/100 g DW) ( Figure 2 ). The results are opposite to the research of Stancheva et al. [18] where no trend was found in the change of phenols as a result of the application of derivatives.
The content of phenolic compounds and rutin in the leaves of U. dioica and F. esculentum: The content of phenolic compounds in the leaves of U. dioica after application of H1 and H2 was unchanged ( Figure 3 ). There was only an insignificant decrease in rutin content in the leaves of F. esculentum after application of S1 and S2 derivatives, whereby a greater reduction occurred after the application of a derivative separately than together with urea ( Figure 4) . The increased concentration of phenolics and rutin in stems could be caused by the reaction to stress. Many authors found an increase in phenolics content and their role in defence against stress [27,28a-28i ]. Physiological characteristics: Application of pyrazine derivatives had no effect on the relative content of chlorophyll and chlorophyll fluorescence. A significant increase was observed in the net photosynthetic rate, transpiration rate and stomatal conductance compared with control after application of H1 and H2 in both concentrations on U. dioica (the net photosynthesis is shown in Figure 5 ). The photosynthesis rate increased only in variants S1, S1U and S2. In the S2U variant there was a slight decrease in photosynthesis rate ( Figure 6 ).
Dolezal [30a] presented an inhibitory effect on the rate of oxygen evolution in spinach chloroplasts after application of pyrazinkarboxiamides. Inhibition of photosynthetic electron transport in plant chloroplasts has been reported in other studies [11, 21-23, 28g] . It is possible that the increase in the rate of net photosynthesis, transpiration rate and stomatal conductance in our research was a response to mild stress from an adverse effect of the pyrazine derivatives that were possibly either in such low concentration or they were active for such a short period that they did not cause the inhibitory effect of PET.
Phytoxicity of pyrazine derivatives:
Application of H1 and H2 in both concentrations, as well as S1 and S2 separately, and together with urea had significant effects on plants. Dark necroses were formed on the edges and centres of leaves on all treated plants. Treated plants looked generally worse than the control plants. No differences were observed between the plants treated with the pyrazine derivatives H1 and H2 at different concentrations, as well as the derivatives of S1 and S2 alone or with urea. Insignificant reduction in the weight of above-ground biomass was observed after application of both pyrazine derivatives S1 and S2 and also in combination with urea. The average dry weight of individual control plants was 14.6 g, which is about 2.5 g more than the other variants. The average height of the control plants was also higher than treated plants. These results indicate an herbicidal activity of the selected derivatives and coincide with the research of Nakamura et al. [25, 26] , who also reported herbicidal activity of pyrazine derivatives. The herbicidal effects of pyrazine derivatives were also reported by Peiró et al. [19] and Griffin et al.
[30b], who described a darkening of leaves of dicotyledonous plants (soya bean, cotton, buckwheat) treated with alkyl pyrazine. The results differ from those of Geneva et al. [16] , who reported that combined application of leaf fertilizer with the pyrazine derivative in a concentration of 10 -3 M to Silybum marianum showed positive effects on growth, and the number of lateral shoots and flowers on the plant.
Experimental
General: Derivatives H1 and H2 were used at a concentration of 10 -3 M and 10 -4 M. Variants are marked by a particular concentration and pyrazine derivative as H1-3, H2-3, H1-4 and H2-4. Derivatives S1 and S2 were applied at a concentration of 10 -3 M and also in combination with a 0.3% solution of urea (S1U, S2U). Pyrazine derivatives were dissolved in DMSO (dimethylsulfoxide) due to their low solubility. According to Dolezal et al. [20] , a concentration of DMSO of 4% would not affect the photochemical activity. We used a concentration of 4.76% in our research. 
Plants and their cultivation: Young nettle plants (Urtica dioica)
were planted into pots of a capacity of 12 L. The plants, 5 cm in diameter when planted, were placed in a greenhouse. Seeds of buckwheat (Fagopyrum esculentum cultivar Pyra) were germinated in wooden boxes and placed in the greenhouse, as well as nettles.
The young buckwheat plants were transplanted into 15 plastic pots of 12 L volume after 12 days. Five plants were placed into each pot. Plants were grown under standard lighting and temperature conditions. Soil moisture was kept at ~60% of WHC by watering. The pyrazine derivatives in chosen concentrations were sprayed on mature plants that were beginning to bloom (buckwheat -7 weeks old plants, nettle -10 weeks old plants), both individually and, in the case of derivatives S1 and S2, together with urea. For 2 weeks the morphological changes in the plants were observed and physiological characteristics measured. According to the analysis of the soil it did not exceed the permissible limits of concentrations of individual elements and heavy metals. Only the content of zinc and chromium showed a slightly higher value. Subsequently, the plants were harvested and placed in a drying kiln for 36 h at 40°C. Then the plants were milled into a fine powder and stored at room temperature. Prepared powder was used to determine the content of phenolics and rutin.
Measurement of physiological characteristics:
Net photosynthesis rate, transpiration rate and stomatal conductance were measured using LCpro + (ADC Bio Scientific Ltd., Hoddeson, UK), chlorophyll content with a chlorophyll meter (OPTI-SCIENCES CCM 200) and chlorophyll fluorescence with fluorometer OS1p (OPTI-SCIENCES). 
Determination of phenolic compounds:

